AD-A097  540  CLEMSON  UNIV  SC  DEPT  OF  MATHEMATICAL  SCIENCES  F/G  I; 

A  COST  FUNCTION  FOR  AN  AIRFRAME  PRODUCTION  PROGRAM. (U) 

AUG  80  N  K  WOMER*  T  R  GULLEDGE  N00014-75-C-0451 

UNCLASSIFIED  N125  NL 


ELECT!:,  ps, 

APR  0  9  1981  A 


\  A  COST  FUNCTION  FOR  AN  AIRFRAME  / 

i  PRODUCTION  PROGRAM.  / 

. ...  . . . . . . . ' 

fj()\  Norman  K./Womer  ? 
jThomas  R. jGulledge  ^ 


Industrial  Management  Department 


■Accession  For 
KTIS  C-RA&I  M 

DTIC  r/.B 

Unannounced  □ 

Justification. _ I 

By — _ _ _ 

Distribution/ 
Availability  Codes 
('Avail  and/or 
>ist  J  Special 


This  work  was  supported  in  part  bv 
under  Contract/ 


)014-75-C-j645L 


ival  Research 


d tstribution  stat ement  a_ 

Approved  tor  public  release; 
Distribution  Unlimited 


This  r 
o:;  fin;:;  tins 
in  that  it 
cf  1c  amirs 
test  of  red 
The  empiric 
taken  in  sc 
tious,  fat:'. 
Tha  t  is ,  d  r. 
for  most'  r i 
i  n  C  e  s;v  a  1  s  • 
for  d diver 
any  time  .*? 
speed ai 

(•-  r>  y  rs  r  •  *  i  * 


A  cost  KUKcTJo:;  :-*or  an  ai  up  rami;  nsorn'CTioN  pkocram 

Norman  ”.  U'oRior,  Clcmson  University 
Thomas  k.  Gulledy.e,  Clcmson  University 

Abstract 


escarch  represents  the  expansion  of  previous  work  in  the  area  of 
.  cm;r  r,r  1 Liery  airframe  prochicticn.  The  effort  is  unique 

yields  a  model  of  tire  production  process  that  considers  the  impact: 
ar.u  production  rate  on  total  props, am  costs.  To  provide  an  empirical 
c  1  validity  the  parameters  are  est  imated  for  the  Cl 'il  airframe  program 
cl  cor!;  is  instructive  in  that  it  shows  how  particular  care  must  be 
rrul  a  tins,  models  of  this  type.  Because  of  data  and  policy  consider, t- 
air frame  program  represents  a  unique  empirical  modeling  opportunity . 
ta  is  very  often  not  compiled  by  airframe  pet  unit  time.  In  fact, 
o crams  data  is  compiled  for  "lots"  of  airframes  over  varying  time 
Bat  «-.hes  of  a  triremes  are  defined  to  be  a  quantity  of  airfr.  mos  marked 
■/  in  a  one  month  period.  Previous  research  [If]  has  indicated  that 
ri.es  model  for  predicting  program  costs  that  does  not  consider  the 
rsetfci icfict:  of  the  data  can  lead  to  serious  errors  ill  estimation  ana 
ir  had  decisions. 


In  this  paper  '.;e  make  use  of  these  data  lessons  in  estimat  ing  the  parai.e:  rrs 
of  a  model  firmly  grounded  in  economic  theory.  This  model  should  be  purf'.-u '.:n  i  > 
useful  as  :  prototype  for  models  of  on  going  production  pror.rr.ir.;*..  Tr  p.-.vticui-.r, 
it:  car,  be  used  to  estimate  the  cost  impact  of  erogenous  charges  in  the  p’otpvn 
del  iv r  y  Mule,  the  "crashes"  and  "stretch-outs"  that  frequently  ^haractv  i  i 
military  ai, craft  programs. 
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Congressional  concern  and  the  need  for  bet. ter  planning 
,;>cius  for  new  research  in  this  area.  The  approach 


i  i * ; 1 1 


oduc.ti  an  policy  changes ,  wliicli  may  occur  prior  to  or  dur  in;; 
iV.  i  •pi  ..ice*  up.rn  these  techniques,  new  models  must  ho  dev*'l" 


•  c !  c.  i  that  influence  curt  during  tin  !  !  i  c  n!  an  a  I  r- 

I  he  i  ;i !  *  m  uc. •  < > !  p i  . .'!  uc  •'  i  .  it  rule,  I  iv;  •  n  i  u;'. ,  Slid  d  '  1 
\  I  i  ng  ..ii;,  tlii:.  stated  pur;"':  "  ttqnii  •: 
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con.: itU* mb'  .j  'a  ('-.'ledge  of  i'tii  !»  tiio  pi  .'111:1  i ng  and  j*ro»!:u-!  ion  : ; L .-!}*  1’ • :  in  any 
airframe  provr.jm. 

Before  production,  a  tentative  production  r.chcdulc  is  developed  to  help  in 
labor  force  planning,  tooling,  facility  needs;,  the  ordering  of  long  lead  time 
items,  etc.  This  early  period  of  time  is  called  the.  planning  stage.  This  tenta¬ 
tive  production  schedule  is  designed  to  cover  the  life  of  the  project,  hut.  the 
formal  agrcc-ront.  between  the  government  and  the  contractor  usually  covers  just 
one  veal*.  The  reason  is  fn.-.i  annual  congressional  funding,  changing  national 
needs,  or  other  exogenous  St  pacts  arc  continually  varying  throughout  the  life 
of  the  program  This  period  of  changing  situations  Is  called  the  product  ion 
period.  The  essence  of  this  research  is  its  ability  to  capture  the  relationship 
between  total  program  cost  and  both  endogenous  and  exogenous  production  rate 
changes  during  this  program  period.  There  is  now  gener.nl  agreement  that  both 
learning  and  production  rate  changes  impact  total  program  costs.  In  the  former 
case,  it  is  usually  assumed  that  production  costs  fall  with  cumulative  production 
experience.  In  the  latter,  the  direction  and  magnitude  of  the  impact  on  total 
cost  is  less  certain.  Empirical  studies  have  shown  that  changes  in  production 
rate  may  be  associated  with  increases,  decreases,  and  no  change  in  total  program 
costs. 


•  Historical  Perspective 


Traditional  neoclassical  economic  theory  explores* 
cost  and  output  rate.  With  the  introduction  of  Wr-ghi/s 
dimension  was  added  to  the  c-npirical  study  of  cost  .  ”ri 
foundation  tor  tunny  of  the  progress  function  studies  t:<:; 
engineer* a;  literature.  These  early  engineering  cost  rt 
contradiction  to  convent! '>u>l  t-.c Gnomic  theory.  In  mast 
explained  •-•?!/  as  a  function  of  cumulative  output,  Ecce 
thru  in  r.u.;y  cases  output  rnto  is  statistically  insigr  i!' 
purposes  [*].  There  is  a  remarkable  shortage  of  litjrer 
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.  seminal  work  l IV j  a  now 
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these  studies,  cost  was 
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cant  for  cost  prediction 
;re  that  recognir.es  the 


problem  or  attempts  to  link  the  traditional  economic  cp'  soacli  with  the.  industrial 
engineering  approach.  Early  researchers  such  as  Ashe.:  I  3),  Alcbian  [2,  3],  Preston 
&  Keachic  [10],  Oi  [8],  and  Hirshl.cifcr  [5]  considered  i~  he  problem  in  a  loose 
hcuristic.il  fashion,  but  their  results,  in  general,  lack  ed  rigor.  Rosen  [11] 
represent’  d  the  first  attempt  to  solve  the  problem  di  rec  t.ly.  Mis  work  Included  the 
theoretical  specification  of  a  market  structure,  the  stc  teuton t  of  a  criterion 
function,  ur.d  a  straightforward  recursive  solution  to  th  a  problem.  Although  this 
work  is  quite  noteworthy,  it  stops  short  of  functional  :  arms  sufficiently  precise 
for  empirical  osl.  i  mat  ion. 

The  first  real  applications  oriented  integration  r  f  the  economic  and  engineer 
tng  approaches  came  with  the.  work  of  Washburn  [12]  and  1  r.mer  [13;  14;  15;  lb]  •  The 
present  research  effort  represents  the  refinement  of  a  1. .  ire  general  model  [15]  for 
military  airframes,  so  that,  it  may  be  used  to  explain  t!  production  and  cost 
behavior  of  a  particular  airframe  project. 

The  Cl  41  Program 

Th**  Hit  a. 

The  tl-VI  ]  ingram  produced  2;Vi  aircraft  during  lie  six  year  period  from  I  "<*2 
t '*  I  nw  iimib'l  o',  the  aire.ruft  was  prod. us  d . 
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])n L a  for  this  study  is  drawn  from  two  source!:.  Orstnf  f1',  Ofi-lO.’]  reports 
direct  msfi-kour:;  per  ([u.irter  for  ouch  of  t  ho  twelve  lots  in  l  ho  C141  program, 
lie  n  1  so  reports  a  doLivory  schedule  lor  the  aircraft  by  month  |‘J,  9b].  Orsiui 
attributes  these  data  to  the  Cl M  f  inancial  Manny.cmcnt  Reports  maintained  hy  the 
Air -Force  Plant  Representative  Office  located  at  the  Lockheed- Georgia  facility. 

The  schedule  of  actual  aircraft  acceptances  by  month  as  reported  in  the.  0AS1) 

(PA&E)  publication  Acceptance  Rates  and  Tool  in"  Capacity  for  Selected  Mi lltary 
Aircraft  ['■*]  was  used  to  cliecjc  the  Orsiui  delivery  data. 

.V 

r 

This  data,  like  much  data  on  aircraft  production,  provides  labor  hours  for 
a  period  cf  tine  (quarterly)  and  dates  and  quantities  of  deliveries.  Unfortunately 
there  is  no  available  information  which  relates  output  to  the  period  of  time  over 
which  labor  hours  are  observed. 

One  approach  to  this  problem,  used  by  Orsiui,  is  to  make  some  assumption 
about  the  pace  of  production  on  the  program  and  aggregate  the  quarterly  data 
across  lots.  In  addition  to  being  arbitrary,  this  approach  reduces  91  potential 
observations  to  24. 

Our  approach  to  the  data  problem  is  to  construct  a  detailed  production  model 
of  the  aircraft  to  be  delivered  in  any  month.  We  then  aggregate  the  model  to 
explain  the  data  rather  than  the  other  way  around. 

Preliminary  analysis  of  the  data  revealed,  two  additional  data  problems.  Tirst 
there  were  two  instances,  late  in  the  program,  where  a  small  number  of  labor  hours 
were  expended  on  a  lot  of  aircraft  after  the  schedule  indicated  delivery.  This 
probably  is  a  situation  wnere  deliveries  were  wade  out  of  sequence.  To  rowdy  this 
problem  the  labor  hours  for  the.  last  quarter  of  lots  9  and  10  were  aggroga u  d  with 
those  of  the  previous  quarter.  This  reduced  the.  number  of  observations  by  two. 

Another  problem  is  that  in  lots  two  through  eight,  delivery  of  the  aircraft 
seems  to  Ir.p  the  last  expenditure  of  labor  hours  by  an  average  of  foul  months.  For 

the  other  five  lets  labor  hours  are  expended  up  to  the  last  month  of  delivery.  To 

overcome  this  problem,  the  deliveries  of  aircraft  in  lots  two  through  eight  were 
advanced  by  four  months. 

With  these  adjustments  eighty-nine  observations  on  labor  hours  for  twenty-four 
quarters  by  twelve  lots  were  used.  These  observations  together  with  the  number  of 

aircraft  delivered  each  month  constitutes  the  data  for  the  study. 


The  Model 


The  model  augments  a  homogeneous  production  function  with  a  learning  hypothecs! 
The  discounted  cost  of  production  is  minimized  subject  to  the  production  function 
constraint  and  the  optimal  time  path  of  resource  use  is  derived.  Cost  in  measured 
in  the  units  of  the  variable  resource.  Thu  variables  used  In  the  analysis  are: 
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=  an  index  for  .'i  hatch  of  ai r frames  in  tin-  same  lot.  (j)  oil  o!  which 

arc  Lo  ho  delivered  at  time  U... 

ij 

=  tlia  number  of  airframes  in  batch  i  of  lot  j. 

*  a  measure  of  experience  prior  to  heninning  batch  i,  the  cumulative 
number  of  airframes  to  be  delivered. 


V° 

Vc) 


V') 


i.e.,  K  =  E  Z  D.,  +  Z  D.  . 

«  k-1  h  hk  h-1  hj 

=  date  work  begins  for  all  the  batches  of  let  j. 

=  production  rate  at  lime  t  on  hatch  f.‘ 

■  cumulative  production  on  hatch  i  at  time  t, 

t 

i.e.,  f  q  (t)  dT 

\l 

3  rate  of  resource  use  at  time  t  on  batch  i. 

■  a  parameter  describing  learning  prior  to  batch  i. 

*  a  parameter  describing  learning  on  batch  i. 

*  a  parameter  describing  returns  lo  the  variable  resources. 

*  a  parameter  associated  with  decreases  in  labor-  productivity  as  a 
batch  of  airplanes  nears  completion. 

3  the  discount  rate 


discounted  variable  program  costs 


The  production  function  is  assumed  to  be  of  the  following  form 

V°'AE«Q«<t>iu<t)(t«-t>°  0) 

where  A  is  a  constant.  The  input  x  is  assumed  to  be  a  composite  of  many  inputs 
whose  use  late  is  variable  throughout  the  production  period.  The  output  rate 
for  any  batch  is  related  to  the  rate  of  resource  use,  cumulative  output  previous 
to  batch  i,  and  cumulative  experience  during  the  production  of  a  given  hatch. 

The  additional  factor, t^-t,  is  included  to  compensate  for  changes  in  productivity 
due  to  the  approaching  of  batch  delivery  date.  This  reflects;  the  gradually  changing 
tasks  from  part  manufacturing,  fabrication,  assembly'  te.  testing  during  Lite  production 
process. 

Inis  pivdinl  foil  lintel  .’ins  is  a.-.;  shims!  In  ho  '  1 1  i  ■  a  •.i-e;  of  de.-.r.e  1  /'{  in  I  h" 

resiotttv.s  wii.lt  y  >  1.  Also,  it  i:;  assumed  IhsL  I  lie  I  <  huo  I  v,<  i  c.i  1  change  i  ii.lu  •  •  hy  j 

expert*,  me.  in  neutral.  Tbir:  avoids;  having  to  st:.it.e  a  different  learning  i 

liypot  lien  is;  tor  each  of  the  variable  l'esoureeu.  j 


Althvrjh  the  objective  of  t  Ik?  1'  i  nr,  ,t  ftim-lion  of  tin;  won!  in.*.  of  the 
contract,  one  goal  of  most  contracts  in  to  induce  the  firm  to  iniiii'uLxc  dis¬ 
counted  cost.  The  problem  may  !>o  stated  as: 


Min  C 


w  m  t 

Z  Z  /  1Jx..(t)c"PLdt 

J-l  i=l  t^ 


ST:  q.,(t)  =  AE. ^  Q.®(t)xHV(t.)  (t .  .~llY 
ij  ij  ij  iJ  ij 


(2) 


i  -  1,  2,  .  . 

J  -  1.  2,  .  . 


in 

m 


Q.  .(t.  .) 

ij  iJ 


D.  . 
1J 


i  =  1,  2,  .  .  . ,  n 
j  *  1,  2,  .  .  m 


VV  - 0 


Since  total  cost  is  monotone  nondecreasing  and  the  sub-problems  are  additive, 
the  solution  can  be  obtained  by  minimizing  each  of  the  sub  problems.  The 
problem  may  then  be  stated  as: 


t.  . 

Min  C1  »  /  x..(t)e  PCdt 

t .  ij 
J 

st:  ,1J(t).Ar.iJSiJc(0^'(t)(tij-o° 


(3) 


W  '  °ij 

Q.(V.)  =  0 

This  preblc’  is  an  optimal  control  problem  which  may  be  solved  directly  by 
minimizing  the  Hamiltonian  function.  However,  the  problem  can  easily  be  trans¬ 
formed  into  the  problem  of  Lagrange,  which  can  be  solved  using  classical  vari¬ 
ational  techniques.  At  this  point  the  redundant  ij  subscripts  are  dropped  at 
the  insistence  of  our  typist. 


Solving  the  constraint  for  x(t)  yields 


x(t)  “  qY(t)A"VYVYG(t)(t.>t)"“Y 


(A) 


We  desire  a  transformation  yielding  one  state  variable  and  one  control  variable, 
the  control  variable  being  the  time  rate  of  change  of  the  state  variable. 

Let 


Z(t)  -  A"W“C(t)/(l-e.) 


(5) 


Th  I i .  ■ « :  1  haL 


*(0  -  A"Jr.yC(t  )q(l  ) 


(6) 
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'/.( t)  will  ho  Clio  new  state  variable  ;ui<i  its  Lick*  dcriv.it  Ivo,  r.(t)  wit!  !•><•  rhe 
control  variable.  Forming  the  new  objective  fund  ’on.iL  rei|iiire:;  absorbing  the 
constraint,  i.e.,  tbc  only  constraints  in  the  problem  of  Lagrange  are  the 
boundary  conditions.  Using  (4)  and  (6)  yields  an  expression  for  x(i)  in  terms 
of  tbc  ntv;  control  variable. 

x(t)  =  zY(t)(t  -t)_Ya  (7)' 

Substituting  into  the  objective  functional  and  netting  the  boundary  conditions 
yields  the  transformed  problem 
c. 

Kin  C’  =  /  1  zY(t)(t  -t)-YVpt  (8) 

tj  J 

ST:  Z(0)  =  0 

2(1^)  =  A-1E~^D1_e/  (1-e) 

Since  the  intermediate  function  does  not  depend  explicitly  on  the  state  variable, 
the  Euler  equation  is 

IJ-  yzY"1(t)(L..-L)'YVPt  =  K  (9) 

oz  XJ  o 

Solving  for  optimal  z(t)  yields 

z(0  »  (10) 

This  also  provides  a  solution  for  the  optimum  time  path  of  resource  usage. 

x(t)  -  n1Y<tlj-t;0Y/<v"1)«YP‘/<Y'1>  (11) 

This  optical  solution  to  the  problem  is  only  of  transient  significance  since  tlie 
value  of  the  constant  Ki  is  unknown.  What  is  needed  is  an  optimal  expression  for 
x(t)  that  is  in  terms  of  the  variables  and  parameters  of  the  original  problem. 

To  obtain  the  constants,  notice  that 

Z(t)  «  /  K1(tlj-t)nY/(Y'1)ept/(Y"1)dt  +  K2  (12) 

Let  V  =  p(ty-t)/(y-l)  then 

Z(v)  .  I  ,m/t»-i)t-»«lj«r-i)J^'  (is, 

whore  J  is  the  Jacobian  of  the  transformation. 

X.w  u(»  .)  ■=  pUj 


and  if(tjj)  ”  0  and  choosing  0  and  u  as  the.  limits  of  integration  wu  have 
7.(u)  «  K.,  /  v«V/(Y-l)c-vdv  K  <i/() 
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Z(u)  -  K,  r(u,av/(Y-0+l)  +  K, 

-#  <}  ' 

and  T  is  the  incomplete  gamma  function. 

To  satisfy  the  initial  condition  that  Z[u.(tj)]  *»  0,  let 

Z(u)  =  -K  {r[p(t  -t  )/(Y-l),cty/(Y-l)+H-rru,eY/(Y-l)  +  1]) 

J  *  J  J 

Also  let  v 

-fC3  =  A"1E’V"r(3-e)”1r"1[p(t  -tj)/(Y-l),aY/(Y-l)+l] 

then  Z  also  satisfied  the  final  condition 

Z(t  )  =  A~W~e/Cl-e) 

Also  note  that 

’■<*>  -  OY/(Y'v<vt,/<Y'u<^ 
substituting  for  yields 

8(0  -  a"  W"c(l-e)”1r“1  [  p-^ — ii,  -  +l  ] 

(Y-l)  Y-l 


P(tii-0]aY/<Y_1)  e-P<tlj-t)/(Y-l)  D 


(  y-l  * 


This  furr.ulrttion '-for' opticun  fc(t)*  along  "with  (10)  provides  a  direct  solution  for 

K-. 

Substituting  for  in  (11)  yields  the  optimum  time  path  of  resource  use 


x(t)  -  A~VY°DY(1‘e)(l-e)'V1r  rp{tij~- a- 

i  - 1  \  A/. 


1  (Y-l)  (Y“l)  J 

[p/<Y-«JC,T2/(Y'l)'%'Wtij/<Y-1)(l:ij-C)“Y/<Y‘1> 

eYpt/(Y-l)  09) 

This  is  the  optimum  time  path  of  resource  use  for  any  j,ivcn  batch  of  airframes. 

Since  tiu-  data  presented  in  the  Cl 41  study  is  nunitovly  data,  the  quantity 

of  interest  would  be  tlic  total  amount  of  resource:  use  over  a  quarterly  period. 

li  T  c-  !-i  •■ui-iit  !  he  !•••'  inning  nnd'endiug  d.il  i’s  for  the  quarterly  period 

1%  1 

for  seme  batch  i. ,  we  have 


h(rk)->;(ry)  -  ;K 

,  T<i 


x(i )  «lt 
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and  usin^  (II)  the  integral  is 


X(Tk)-X(Tj)  =  /  K1Y(llj-t)CtY^(Y"1)eYpt^Y“5)dt 
Ti 

Let  y  =YP(t  _-t)/ (y-1)  »  then  / 


(21) 


YP  ( t  x j -Tk  > / ( V- 1 ) 


X(T.  )-X(7  )  ~-K 


,  Y 


/ 


YP<tij"V/(Y"1) 


[  <Y-1)  /yplm/ <Y-l>y«Y/  (Y-l  )c-yeVPti .  / (Y-! ) 
(-(Y-l)>YP)dy  (22) 


Notice  that  this  is  a  form  of  the  incomplete  gamma  function.  Integrating  yields 

aY/(Y-D+l 

'YP' 


X(T  )-X(T.)  =  K  Y[(£p) 
k  /.  1  IP 


']  eYPti/ (Y~!) 


f  r (YP(t^-T^)  /  (Y-l)  , C'Y/  (Y-D+l)  - 


r(Yp(ti;j-fk)/(Y-l),aY/(Y-l)+l)]  (23) 

Substituting,  for  and  performing  the  necessary  algebra  leaves  an  expression 
that  represents  the  optimum  amount  of  resource  use  over  an  interval  of  time. 


vv-vv 


=  a~ye 


y  (l-e) 
ij 


(l-e)"Y 


r'Y(p(t .  )  /  (Y-l)  ,«Y/  (y-d+1)  (~) 

p-«Y/(Y-l)[r(Yp(  T^)/(Y_1)>ory/(Y_1)+1)  _ 

r(YP(tlj-Tk)/(Y-l),«Y/(Y-l)+l)]  ^  (24) 

However,  because  of  the  nature  of  the  data  it  is  impossible  to  observe  the  quantity 
on  the  left  •rido  of  equation  (24).  What  is-  observable  are  direct  man-hours  per  lot. 
This  means  that  (.lie  observed  quantity  is 


i-l  lXi.J(lk)"Xi.i(  IV  J 


wlieve  there  arc  n  batches  in  a  lor. 
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Empirical  Results 


To  explore  the  applicability  of  the  theoretical  specification,  the  para¬ 
meters  in  (24)  arc- estimated  using  Orsini's  C141  data  (  9  ). 


Let, 


and  =  cf:'/(Y~l)  +1 

Then  the  model  may  be  restated  as: 


•n 


Z 

i=l 


VV-VV 


i,rfS».Y<1't:>r-Y 

ij  J-3 


lp(tij-tj)/(Y-l),B1l 


{riYPCt^-T^/CY-D.Sjl 


(25) 


“l’[YP(tij“Tk) / (Y~l)  » 211 } 

Since  the  monthly  delivery  dates  for  each  batch  within  each  lot  are  known,  it  is 
possible  Lo  estimate  the  parameters  in  (25)  using  nonlinear  least  squares. 

Initially,  the  value  of  the  discount  rate  was  assumed  to  be  10%  and  tbe  re¬ 
maining  parameters  were  estimated  using  Marquardts  compromise.  Diagnostic 
checking  revealed  that  the  estimates  for  £  and  o  were  extremely  collincnr.  Thin, 
suggests  that  an  alternative  specification  with  e  restricted  to  be  equal  to  6 
would  be  ropr into.  Also,  the  restriction  that  p  -  .10  was  relaxed,  and  p  was 

estimated  simultaneously  with  the  other  parameters  in  the  model. 


The  results  of  both  regressions  are  presented  in  Table  1.  A3 1  of  tbe  parameter 
estimates  are  significantly  different  from  zero,  and  the  signs  agree  with  nprior i 
expectations.  In  particular,  notice  that  the  value  of  y  is  significantly  greater 
than  one,  indenting  that  the  production  functimi  does  exhibit  decreasing  returns 
to  the  variable  factor.  The  learning  parameter  is  also  consistent  with  apriori 
expectations.  A  6  =  c  value  of  .272  is  consistent  with  r.n  83%  learning  curve. 


However,  as  far  as  the  optimum  time  path  of  resource  use  is  concerned  the 
estimate  for  ^  yields  a  most  interesting  interpretation.  Notice  in  (25)  trim  I  (’. 

is  the  argument  in  a  gamma  function.  A  gamma  function  with  parameter  3.  =  3.1  <>3 
generator,  a  time  path  for  resource  use  that  is  consistent  with  our  knowledge  of 
labor  prsvuct ivify  patterns  for  "lots"  of  airframes.  Tn  most  cases  resource  me 
vises  at  an  increasing,  rate  from  time  t  to  an  inflccti  m  point,  after  which  il 
continue:,  in  rise,  hut  at  a  decreasing  rate.  Eventually  rcsouico  usage  reaches 

.  »•  i„*.  * .-.it . .  *i*i  i  ill'  h  i  iit'i  i  .*i  J.Li',  f  i  ;•  in  i'  1  ft*!-  ‘ :  i  lull ! .  it  <  *<l  uj5*  T :  » .*  *  1  t  !!:'«*  ;  ■»  1 5  1 » 

of  resource  usage.  I  he  eventual  decline  is  heeanse  a:,  the  delivery  date  appro.-ivlm: 


there  arc  time  •  '•■iisiimlii**  "toj.L i ng"  procedure;:  that  .nv  not  labor  Intensive. 

Therefore ,  there  is  ;;  period  of  time  near  the  cud  of  a  project  •..■here  •.•lie*-  cost 
is  stf.n.i  f  i<-...itly  reduced. 


Tabic  1 

Parameter  Estimates  and  Asymptotic  Standard  Errors 


Parameter  Estimates 
p  =  .10 

sate  Standard  Error 


Estisate 


Parameter  Es tima t os 
p  estimated  from  the  Data 

Estimate.  Standard  Error 


3 

o 

6.073 

1.0607 

5.839 

1.0172 

h 

3.356 

.1299 

3.163 

.5271 

S=e 

.274 

.0262 

.272 

.0271 

Y 

1.0S0 

.0004 

1.041 

.0004 

P 

.100 

* 

.049 

.0096 

USE  - 

1  0 

>  3.92  x  10 

MSE  * 

10 

3.90  x  10 

* 

Standard 

Error  is 

not  estimated  since  p  is 

fixed. 

This  research  represents  one  step  forward  in  the  quest  for  a  more  general 
model  of  airframe  production.  It  represents  the  first  of  several  specific  histori¬ 
cal  air f rare  production  programs  that  will  be  modeled  in  the  near  future.  The  goal 
is  to  find  ;:.:rc  general  model  specifications  that  arc  useful  for  production  planning 
and  cost  estimation  in  the  airframe  industry. 


Figure  1.  Simulated  optimal  time  path  of  resource  use  for  three  batches  of 
airframes  within  a  given  lot. 
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